Estimates of the physical boundary conditions on sediment source and sink regions and the £ux between them provide insights into the evolution of topography and associated sedimentary basins. We present a regional-scale, Plio -Quaternary to recent sediment budget analysis of the Grande, Parapeti and Pilcomayo drainages of the central Andean fold-thrust belt and related deposits in the Chaco foreland of southern Bolivia (18^231S .The volume and rate of deposition require that at least $40^60% of additional sediment be supplied beyond that incised from below the SJDO.The data also place a lower limit of ! 0.2 mm year À 1 (perhaps ! 0.4 mm year À 1 ) on the time-and space-averaged source area denudation rate since $2^3 Ma. These rates are within the median range measured for the Neogene, but are up to 2 orders of magnitude higher than some observations, as well as analytic solutions for basin topography and stratigraphy using a two -dimensional mathematical model of foreland basin evolution. Sourceto -sink sediment budget analyses and associated interpretations must explicitly and quantitatively reconcile all available area, volume and rate observations because of their inherent imprecision and the potential for magni¢cation when they are convolved.
INTRODUCTION
The sediment-routing system links sources to sinks, determining how mountains erode, how topography evolves, and how landscapes translate into the sedimentary record (Allen, 2008) . Sediment sources and sinks are coupled through various surface processes and their £uxes to the extent that mountain belt deformation can be in£uenced by deposition downstream (e.g. Flemings & Jordan, 1989; Beaumont et al., 2000; Simpson, 2006) . Unfortunately, questions remain about what combination of factors in£u-ence the volume and rate of sediment production, the spatial variability of sediment production within the source, and the rate of sediment delivery to the sink (Tucker & Slingerland, 1996; Stock et al., 2006; Phillips & Gomez, 2007) . Sediment delivery rates are a particularly important control on the dimensions and physical characteristics of basin-¢lling sediments (Hovius & Leeder, 1998) . If estimates of the volume and mass £ux (among other things) from the source area are available, then quantitative tools can be used to predict sedimentary architecture (Robinson & Slingerland,1998a, b; Geslin etal., 2001 Geslin etal., , 2002 Clevis, 2003; Clevis et al., 2003; Van Wagoner et al., 2003; Overeem et al., 2005; Robin et al., 2005) and reservoir quality (Lander & Walderhaug, 1999; Perez et al., 1999; Bray et al., 2000; Bonnell & Lander, 2003) in sedimentary basins.
A mass balance approach has been used to quantify sediment budgets for the Alps, Appalachians, Himalayas and Rocky Mountains by integrating river sediment loads, palaeogeographic reconstructions, seismic data and the stratigraphic record (Hay et al., 1992; Le Pichon et al., 1992; Curray,1994; Einsele et al.,1996; Pazzaglia & Brandon,1996; Kuhlemann et al., 2001 Kuhlemann et al., , 2002 Schlunegger et al., 2001; Clift et al., 2002; Clift, 2006; McMillan et al., 2006) . These sediment budgets provide some of the best constraints for inferring mountain palaeotopography and estimating denudation rates, but uncertainties are often large and/or not quanti¢ed because of the scales over which they are applied.
Active fold-thrust belts and their foreland basin systems are sources and sinks closely linked in space and time that possess a variety of evidence that can be used to constrain their sediment budget ( Fig. 1) (DeCelles & Giles, 1996; Critelli, 1999; Critelli et al., 2003) . For example, many thrust belts have palaeosurfaces, formed by periods of protracted erosion (Widdowson, 1997) , that have been used as markers to (a) estimate uplift magnitudes (de Sitter, 1952; Epis & Chapin, 1975; Scott, 1975; Kennan, 2000; Barke & Lamb, 2006) , (b) estimate exhumation magnitudes (Sobel & Strecker, 2003; Babault et al., 2005; McMillan et al., 2006) , (c) reconstruct palaeo -drainage networks (Kennan et al., 1997; Kennan, 2000) , (d) constrain the deformation history Clark et al., 2006) and (e) calculate the amount of material removed from below the surface by post-formation incision (Kennan et al., 1997; McMillan et al., 2006) . In the sink, £exure associated with the adjacent topographic load creates a foreland basin consisting of wedgetop, foredeep, forebulge and backbulge depozones (DeCelles & Giles, 1996) . Fluvial megafans (typically 10 3^1 0 5 km 2 , with low gradients of 0.01^0.11) are distinguishable sediment bodies that can be dominant features of some forelands (Gohain & Parkash, 1990; Gupta, 1997; DeCelles & Cavazza, 1999; Leier et al., 2005) . Additionally, isopach maps constructed from measured sections, geochronology, seismic data, and well logs provide constraints on the spatio -temporal distribution of the foreland-¢lling sediments (e.g. Uba et al., 2006) .This foreland sedimentary record is shaped by thrust belt topography, tectonics, climate, erosion, lithology, drainage patterns and base level (Dickinson, 1974; Flemings & Jordan, 1989; Damanti, 1993; Devlin et al., 1993; Patterson et al., 1995; Van Wagoner, 1995; Burgess & Allen, 1996; Tucker & Slingerland, 1996; Schlunegger et al., 1997; Geslin et al., 2002) . Although prior studies have characterized sediment source and sink dimensions and determined erosion rates, few attempts have been made to quantify regional-scale sediment budgets and associated uncertainties in thrust belt-foreland settings.
The goal of this paper is to quantify the sediment budget for the central Andean fold-thrust belt and foreland in southern Bolivia since the Plio -Quaternary ( $3^0 Ma). We account for the area, volume and rates of sediment removed from the upland sources and deposited within the downstream sink, speci¢cally £uvial megafans and the foredeep. The following logic governs our analysis. The amount of sediment produced must fall within limits imposed by the size of the drainage, the rate and duration of denudation, and the volume of deposited sediment. The amount of sediment generated must be at least as great as the amount of sediment deposited in the proximal foredeep. The generated sediment cannot be greater than the amount denuded from the present-day drainage at the maximum estimated rate of denudation over the longest possible denudation time. This lower sediment-production limit excludes some combinations of size, rate and duration placing improved constraints on the large range of denudation rates estimated.
WHY SOUTHERN BOLIVIA?
The central Andean fold-thrust belt and Chaco foreland of southern Bolivia (18^231S) is well suited for quantifying a Plio -Quaternary sediment budget (Fig. 2) . Fluvial megafans have been important foreland depositional features since the mid-Tertiary and currently occupy most of the Chaco plain (Horton & DeCelles, 2001) . Isopachs quantify the spatial and temporal distribution of the Chaco sedi- fold-thrust belt foreland basin Fig. 1 . Schematic thrust belt-foreland basin system sediment budget in cross-section. Eroded and deposited sediment volumes (grey to white shaded regions and boxes) for time slices T 1^T3 (increasing to the present) from a thrust belt hinterland source to an adjacent foredeep sink, respectively.The hinterland topographic evolution from ancient (dashed) to modern (solid) time and the equivalent sink foreland sedimentary evolution are also shown. In this ideal case, boxes T 1^T3 in the source are the same size as the equivalent boxes in the sink. For simplicity, no thrust belt propagation is shown.
ments since the late Oligocene . Reconstructions of the widespread late Miocene San Juan del Oro (SJDO) erosion surface provide an unusual constraint on timing and volume of thrust belt erosion (Servant et al., 1989; Gubbels, 1993; Gubbels et al., 1993; Kennan et al., 1997) . Finally, source region erosion rates have been estimated across multiple spatial and temporal scales (e.g. Barnes & Pelletier, 2006 and references therein).
GEOLOGIC SETTING
Crustal shortening associated with Cenozoic Andean mountain building has resulted in a retroarc plateau, fold-thrust belt, and foreland basin system in western Bolivia ( Fig. 2) (Jordan & Alonso,1987; Isacks,1988; Jordan, 1995; Kley, 1996 Kley, , 1999 Allmendinger et al., 1997; Horton & DeCelles, 1997; Jordan et al., 1997; McQuarrie, 2002; DeCelles & Horton, 2003; McQuarrie et al., 2005) .The dominantly east-vergent fold-thrust belt steps down in structural and topographic elevation from the Altiplano to the Eastern Cordillera, Interandean zone, Subandes and Beni/Chaco plains (Kley, 1996; McQuarrie, 2002) . Rocks involved in the deformation range from Palaeozoic marine siliciclastics to Mesozoic non-marine clastics and Cenozoic synorogenic deposits (McQuarrie, 2002 and references therein). In southern Bolivia, the fold-thrust belt is £anked on the west by the Altiplano basin and on the east by the Chaco plain (Fig. 2) . The Altiplano is a lowrelief, internally drained, intermontane depression (e.g. Placzek et al., 2006) . The Chaco plain is a low-relief, lowelevation slope thought to be the aggradational surface of the wedge-top and foredeep depozones of the modern foreland (Horton & DeCelles, 1997) .The thrust belt is traversed by three large rivers, the R|¤ o Grande (or Guapay), R|¤ o Parapeti and R|¤ o Pilcomayo, which form £uvial megafans in the Chaco (Fig. 2b ) (Horton & DeCelles, 2001 ).The relatively straight river courses across the Subandes suggest the rivers are antecedent from the late Miocene and hence the source drainages somewhat long lived. Megafan apexes begin at the frontal-most Subandes structure implying a more recent origin ( Fig. 2b ) (Horton & DeCelles, 2001) . Timing of initial thrust belt deformation ranges from late Eocene to late Oligocene ( $27^40 Ma) with deformation concentrated in the Subandes since the early to late Miocene ( $10^20 Ma) (Elger et al., 2005; McQuarrie et al., 2005 McQuarrie et al., , 2008 Ege et al., 2007; . Sediment deposition in the Chaco foreland commenced with the late Oligocene Petaca Formation and continues today with the Emborozu¤ Formation . Structural, stratigraphic and geophysical data from southern Bolivia constrain the regional Neogene evolution, particularly in the Subandes (Baby et al., 1992 (Baby et al., , 1995 Dunn et al., 1995; Roeder & Chamberlain, 1995; Kley, 1996 Kley, , 1999 Moretti et al., 1996; Mˇller et al., 2002; Uba et al., 2005) and Chaco (Marshall et al., 1993; Hulka et al., 2006; Uba et al., 2006 (Fig. 3) .The SJDO surface is a composite landform of (1) low-relief erosional uplands, (2) coalesced pediments and (3) an unconformity beneath undeformed Tertiary sediments and ignimbrites that is the stratigraphic equivalent to surface types 1 and 2 (Fig. 4) (Servant et al., 1989; Gubbels et al., 1993; Kennan et al., 1995 Kennan et al., , 1997 Barke & Lamb, 2006) . All surface types are subhorizontal, truncate deformed bedrock, decrease in elevation eastward, and are sometimes mantled by sediments up to 250 m thick with inter-bedded tu¡s and fossiliferous layers Kennan et al., 1995 Kennan et al., , 1997 . Surveying the surfaces, 40 Ar/
39
Ar dating of the tu¡s, and ages of mammalian fossils bracketing the unconformity, show that the age of the SJDO is time-transgressive from $12 to 3 Ma with incision beginning 3 AE 1.5 Ma (Gubbels, 1993; Gubbels et al., 1993; Kennan et al., 1995 Kennan et al., , 1997 Barke & Lamb, 2006) . The lack of deformation and a dominantly $10 Ma age for the SJDO surface suggests (a) cessation of deformation in the Eastern Cordillera and its migration eastward into the Subandes, and (b) 1.1^2.5 km of surface uplift has occurred in the region since surface formation (Figs 2 and 3) Kennan et al., 1997; Barke & Lamb, 2006) . Two di¡erent models for SJDO surface formation characterize it as a pediment and palaeo -drainage base level, respectively. Gubbels and co -workers proposed a 'cut and ¢ll' model for the SJDO surface whereby as deformation ceased, aggradation and pediment development began (Fig. 4) (Gubbels, 1993; Gubbels et al., 1993) . Eventually, incision isolated the surface remnants. In this model, the SJDO surface slopes down to the east from $4.2 km elevation in the Eastern Cordillera to $3 km in the Interandean zone over $150 km (see Fig. 2 .33 of Gubbels, 1993) . This model suggests a regional gradient of $0.461 and implicitly allows that the SJDO pediment was not ubiquitous and that intervening highlands existed (Fig. 4) . Kennan and coworkers proposed that the SJDO surface represents the regional base level associated with two palaeo -drainage basins (Fig. 5a) (Kennan etal.,1997; Kennan, 2000) . This model suggests regional, upstream basin gradients of $0.461 that decrease to $0.23^0.271 in the downstream reaches. In both models, the preserved extent of the SJDO surface represents the minimum size of the drainage basin source area that supplied sediment to the foreland.
Key aspects of the SJDO surface relevant for quantifying a sediment budget include: (a) it formed $10 Ma and (b) it experienced rapid incision at $3 AE 1.5 Ma Kennan et al., 1995 Kennan et al., , 1997 Barke & Lamb, 2006) . Additionally, an estimated 1^2 Â 10 4 km 3 of material was eroded from the pre-existing topography above the palaeo -drainage base levels that together form the SJDO surface (Kennan et al., 1997) . All of this sediment was apparently transported out to the foreland (and possibly beyond) because neither (1) adequate local sinks exist in the EC or IA to store the estimated sediment nor (2) any major depositional hiatus exists in the Subandes source region between 12 and 3 Ma (Coudert et al., 1993; Kennan et al., 1997) .
FORELAND SEDIMENTS
Isopachs constrain the spatio -temporal distribution of Oligocene to recent foredeep sediments in the Chaco plain . The sedimentary unit most correlated with sediment exported from the thrust belt since the Plio -Quaternary is the Emborozu¤ Formation their Fig. 15e ). The Emborozu¤ Formation is the currently depositing, sedimentary unit characterized by £u-vial megafan-dominated conglomerates inter-bedded with sandstone and mudstone (Uba et al., 2005) . A seismic N5 interval is equivalent to the Emborozu¤ Formation, which has a maximum thickness of $1500 m at the mountain front and tapers rapidly eastward ( Fig. 6) . Beginning of Emborozu¤ Formation deposition has been variously estimated at 3.3 Ma (Moretti et al., 1996) , 2.1 AE 0.2 Ma (Hulka, 2005 ) and 1.8 Ma (Echavarria et al., 2003) . The basal age of 2.1 AE 0.2 Ma is preferred because it agrees with the 1.8 Ma documented correlative strata in Argentina by Echavarria et al. (2003) .
METHODS
We account for the sediment budget in the Andean foldthrust belt and Chaco foreland across a range of scales: spatially, from the drainage basin and megafan to entire hinterland drainage and proximal foredeep; and temporally, from recent to the late Miocene^Pliocene. Here, we brie£y outline the datasets and methods. Further details, particularly related to the de¢nition and quanti¢cation of uncertainties, are available as Supporting Information.
We used ArcGISt 9.2 and the following datasets to estimate the modern morphology and area of the R|¤ o Grande, R|¤ o Parapeti and R|¤ o Pilcomayo catchments and megafans: 1 : 250 000 topographic maps from the Instituto Geogra¢co Militar (IGM) in Bolivia, 15^150 m LANDSAT TM-7 satellite imagery, a hydrologically conditioned digital elevation model (HydroSHEDS: http://hydrosheds. cr.usgs.gov/), and digital topography derived from NASA's 2000 Shuttle Radar Topographic Mission (SRTM). All mapping and calculations reported were carried out in the Geographic and Universal Transverse Mercator (Zone 20 South) coordinate systems with the datum WGS84. We de¢ned and mapped megafan margins by one or several of the following criteria; (1) at the transition from foreland-convex to mountain-front parallel contours, (2) the boundary between (a) well-de¢ned distributary channels and their £anking overbank areas (both of which can be clearly linked back to the fan apex) and (b) inter-megafan areas (with drainages originating from the frontal anticlinal ridge, not from the fan apex), (3) systematic changes in local slope aspects and their magnitude and (4) consistent contrasts in colour, morphology and texture from 15 m satellite images arti¢cially enhanced by topographic shading from multiple sun angles (criteria 2 and 3 after Horton & DeCelles, 2001; B. K. Horton, pers. comm., 2006) .
We overlaid the palaeotopography associated with the SJDO surface reconstructions of Gubbels (1993) and Kennan et al. (1997) onto the modern topography in order to compare them.We created gridded surfaces corresponding to the reconstructed SJDO surfaces for both models to estimate the volume of material incised from below the sur- face by measuring the volume di¡erence relative to the modern topography (Fig. 6 ). For the cut and ¢ll model (Gubbels, 1993) , we created a surface by interpolating between four N^S contours that span 66.5^64.41W to 172 31S. The contours have decreasing values from west to east of 4200, 3600, 3000 and 2400 m to replicate a regional gradient of 0.461.This surface has a calculated mean slope of 0.46 AE 0.061 (1s). For the palaeo -drainage model (Kennan et al., 1997), we created a surface by interpolating between contours tracing the distribution of regional palaeosurface elevations (compare Figs 5 and 6b) . Additional contours were added for this interpolation to properly recreate the palaeotopographic highlands and intermediate palaeosurface elevations. However, the spatial extent of the contours was limited to that estimated by the palaeo -drainage reconstructions (Kennan et al., 1997) . The resultant surface slopes mimic the estimated values of 0.46^0.231, but locally possess slopes of o0.21 in the downstream regions and 411 in very limited areas of the mid-to -upper reaches.
The nature and geometry of £uvial megafan basal surfaces have yet to be studied. Therefore, we calculated megafan volumes between the modern topographic surface and two alternate basal-surface geometries: (1) a horizontal, planar, basal surface equal in elevation to the minimum megafan surface elevation, and (2) a basal surface that is the mirror image of the fan surface about a horizontal plane of symmetry at the lowest elevation. Under assumption (1), the volume of the megafan is equal to (average elevation^lowest elevation) Â surface area. Under assumption (2), the volume is just twice the value of assumption (1). Assumption (1) is a minimum estimate and assumption (2) is a more realistic estimate (see Supporting Information for further discussion).
We created a gridded surface corresponding to the base of the N5 seismic interval de¢ned by isopachs in order to estimate the sediment volume in the foredeep. To encompass the entire study area, isopachs were extended parallel to the mountain front both north and south. We inferred the zero isopach to be parallel to the 500 m isopach and east of the Pilcomayo megafan margin because there are no data to constrain its location more speci¢cally (Fig. 6) . (Table 1) . These estimates are within 7^15% of those previously reported (Horton & DeCelles, 2001; Leier et al., 2005) for reasons related to choice of basin outlet position and/or di¡erences in map projection and datum (Table 1 and Supporting Information). For example, variation among area estimates using identical catchment boundaries, but di¡erent projections is $10%. Minimum, maximum and average elevations, as well as relief, are also summarized in Table 1 . an area of 4 $100 000 km 2 at $10 Ma (Fig. 5a ).Taking the palaeo -drainage model of the SJDO surface at face value, we estimate the size of the palaeo -Grande, Parapeti and Pilcomayo drainage basins (Fig. 5) to be 52 620, 9336 and 38 750 km 2 , respectively (Table 1) . Apparently, the palaeoGrande basin was larger than the palaeo -Pilcomayo basin because the Potosi-Sucre area was subsequently captured by the R|¤ o Pilcomayo (compare Figs 2b and 5a) . In total, the preserved remnants of the SJDO surface delineate a minimum drainage area of 100 706 km 2 , which is roughly two -thirds of the modern surface area of the three drainage basins (Table 1 ).The modern drainage (Fig. 2b) represents the maximum area that could have been covered by the SJDO surface. Figure 5b shows the range of uncertainty in palaeo and modern area estimates and potential evolutionary trajectories between the two of them.
RESULTS

Modern drainage areas
Palaeo-drainage areas
Volume excavated below the SJDO surface
We estimate 23 920^30 900 km 3 has been removed by incision from below the SJDO surface since 3 AE 1.5 Ma. Figure 7 shows regions that have experienced volume loss between the SJDO surface and the modern topography for both surface reconstruction models. The distribution of incision below both models is similar in the Pilcomayo basin.This re£ects the fact that (1) the cut and ¢ll model was based almost exclusively on remnants located in the Pilcomayo drainage (see Gubbels et al., 1993;  Fig.1 ) and (2) most of the aerial extent of surface remnants is preserved there today (Fig. 3) , providing most of the control for both models. Signi¢cantly less incision below the SJDO surface in the Grande basin is determined from the palaeo -drainage model because this model predicts a lower local base level 1, pilcomayo basin boundary 1; 2, pilcomayo basin boundary 2 (see Fig. 2b ). Max, maximum area estimate and mirror-image basal-surface assumption. Likely, area estimate and mirror-image basal-surface assumption. Min, minimum area estimate and planar-basal-surface assumption. (Fig. 5) . The nature of the di¡erence between the two models suggests the cut and ¢ll surface represents an upper bound and the palaeo -drainage surface represents a lower bound on the volume of material removed.The results are reported this way.
Megafan areas
The £uvial megafans extend 4150 km across the foredeep from their mountain-front apexes to their distal lobes.Total surface area of the megafans is $42 000 km 2 , whereas the total surface area of the proximal Chaco foredeep is $132 000 km 2 (Table 1) . We estimate the megafan surface areas to be 12 985, 6142 and 22 511km 2 AE 20% for the Grande, Parapeti and Pilcomayo, respectively (Table 1 and Supporting Information). Our mapping criteria are su⁄ -ciently restrictive that the estimate of the Pilcomayo megafan is an order of magnitude less than the 210 000 km 2 reported by Iriondo (1993) .
Megafan and foredeep basin fill volumes
Megafan volumes corresponding to the planar-basal-surface and mirror-image assumptions are reported inTable1. The estimates range from 604 km 3 for the Parapeti megafan assuming a planar surface, to 3332 km 3 for the Pilcomayo megafan assuming a mirror image between the fan surface and the basal surface. The foredeep volume of the Emborozu¤ Formation is 63 772 km 3 AE 20% (Table 1 and Supporting Information).
Denudation-rate estimates Barnes & Pelletier (2006) compiled denudation-rate estimates from a variety of methods for southern Bolivia. Estimates range from 0.04 to 1.6 mm year À 1 (5 km Ma À 1 ) (Fig. 8) . These estimates integrate sediment removal over temporal scales of 10 1^1 0 7 years and spatial scales from 10 0 to 10 5 km 2 ( Fig. 9 ) (see Supporting Information for further discussion).
The relevant denudation rate for our source-to -sink calculation is an idealized average over the whole hinterland (10 5 km 2 ) and the whole depositional history of the Emborozu¤ Formation (10 6 years) (see Supporting Information for additional discussion). Although observations span a range of values, the highest rates come from smaller spatial scales and larger temporal scales than the relevant analytic scale (Fig.9) . Observations that come from the relevant analytic scales (black oval in Fig. 9 ) fall into a much smaller range of 0.1^0.4 mm year À 1 . The only observation that matches the relevant analytic spatial and temporal scale is $0.2 mm year À 1 (grey circle in Fig. 9 ).
Sediment production and deposition estimates
Boundary conditions
This source-to -sink sediment budget starts with today and integrates back to the Plio -Quaternary ( $3^0 Ma).
The chronologic boundary is either initial incision into the SJDO surface or initial deposition in the Emborozu¤ Barnes & Pelletier, 2006) . Method, method used for calculating the estimate; Time Span, time span over which the erosion rate is averaged; sed £ux, sediment-£ux data with range of published data from Aalto et al. (2006) and Barnes & Pelletier (2006) ; AFT, apatite ¢ssion-track thermochronology; x-section, cross-section; mass bal, mass balance; ES/DEM, erosion surface and DEM analysis; seismic, seismic cross-sectional area; basin ¢ll, basin ¢ll rate.
Formation. In space, the budget starts with the modern landscape, bounded by the modern drainage divides of the R|¤ os Grande, Parapeti and Pilcomayo on the source side and by the zero -isopach of the Emborozu¤ Formation on the sink side. The spatial boundary ends with the preincision SJDO surface and bordering highlands and the basal surface of the Emborozu¤ Formation.
Volume balance
The source area sediment volume produced must be at least as large as the volume of sediment deposited in the Emborozu¤ Formation. The maximum volume of sediments excavated from below the preserved area of the SJDO surface ( $2.4^3.1 Â 10 4 km 3 ) is smaller than the minimum volume of the Emborozu¤ Formation ( $5.1 Â 10 4 km 3 ) ( Table 1) . Initiation of incision into the SJDO surface (4.5^1.5 Ma) overlaps with initial Emborozu¤ Formation deposition (3.3^1.8 Ma) within error, but incision (most likely age 3.0 Ma) probably predates initial deposition (most likely age 2.1 Ma). The volume disparity between incision and deposition means that erosion from the intervening highlands and the drainage regions beyond the SJDO surface extent (Fig. 7) contributed at least $40^60% of the sediment to the Emborozu¤ or $2^2.7 Â 10 4 km 3 by volume.
Treatment of ions and pores
Exposed source-area bedrock is mostly Mesozoic and Palaeozoic siliciclastic sedimentary rock (e.g. McQuarrie, 2002) . These rocks have some preserved porosity. Some fraction of the rocks is also lost to dissolution during conversion of bedrock to transportable sediment.We estimate that the volume lost to dissolved ions ($1^15%) plus the original rock porosity ( 12%) is similar to the volume of void space among sedimentary particles deposited in the basin (16^32%) (see Supporting Information for quantitative justi¢cation).Thus, we treat gross volumes of denuded and deposited material as equivalent because the solid/ void ratio is similar between source and sink. 
Estimates
There are two paths for estimating sediment-production rates from the source area based on the data in this paper. First, we divided the volume of sediment excavated from beneath the SJDO surface by the time incision began. Table 2 summarizes the range of sediment-production rates calculated from the estimated volumes and time. Sediment-production rates range from 5316 to 20 600 km 3 Ma À 1 with a middle value of 9137 km 3 Ma À 1 . Second, we integrated linear denudation rates over the hinterland area. Table 2 also summarizes the sedimentproduction rates calculated from a range of denudation rates and potential hinterland areas. Denudation rates were chosen to uniformly cover (on a log 2 scale) the range reported in Fig. 8 .We picked areas from Fig. 5b .The deposition duration of 3.3 Ma is included for completeness, but is considered unlikely (see discussion in Uba et al. (2005) ).
Reconciling the estimates
We calculated the minimum extra upland area required to produce the Emborozu¤ sediment by subtracting the volume of SJDO surface excavation from the volume of the Emborozu¤ then dividing by a linear denudation rate. The value is only a minimum because some SJDO surface-derived sediment might have been deposited elsewhere (e.g. in an older formation or bypassed downstream). Nevertheless, this exercise excludes denudation-rate estimates that are impossible for the relevant scale because they require more upland area than exists today. Table 3 summarizes the results within the ranges of rates, space and time constrained by observations. Space limits encompass the smallest total palaeo -drainage size (corresponding to the earliest onset of Emborozu¤ deposition) to the largest possible modern drainage size (estimate plus error).Time limits were derived from the oldest potential onset of Emborozu¤ deposition and the youngest possible onset of incision. Incision probably began earlier than the oldest onset of Emborozu¤ deposition, but that case is not relevant to this calculation of minimum area. Table 3 rows are ordered by increasing mass £ux required to ¢ll the Emborozu¤ . The results are shaded to indicate possibility: impossible (dark shading) because the combination of volumes and rates imply a hinterland area greater than the modern drainage, possible results (light shading) because they are within the range of potential hinterland areas, and certainly possible (no shading) results because they are smaller than the smallest drainage size.
Results indicate that any denudation rate o0.1km Ma À 1 is impossible as the average is over the complete (time, space) that generated the Emborozu¤ sediments (Table 3) . Denudation rates o0.2 km Ma À 1 are impossible unless the volume of sediments in the Emborozu¤ is near the low end of the likely range, and the onset of deposition is towards the old end of the likely range. Given the most likely volumes of SJDO surface excavation, Emborozu¤ deposition and deposition duration, the average denudation rate should have been ! 0.2 km Ma 
Modern sediment-production estimates
Boundary conditions
This source-to -sink sediment budget starts with today and integrates backward to the onset of modern megafan deposition. The budget starts with the modern landscape surface, bounded by the modern drainage divides of the Grande, Parapeti and Pilcomayo rivers in the source, and bounded by the megafan extents in the sink.
The megafan sediment volume is probably equal to, or slightly less than, the volume produced in the source area for the following reasons. Very little surface water escapes the Chaco foredeep because the R|¤ o Parapeti and Pilcomayo terminate into swamps just downstream of their megafans and the R|¤ o Grande stalls as it bifurcates into small channels, drops sediments in the adjacent £ood-plains in the R|¤ o Viejo area beyond the megafan margin, and consequently severs its connection to the R|¤ o Paraguay (Fig. 2b) (Iriondo, 1984; Iriondo, 1993; Horton & DeCelles, 2001) . In particular, the R|¤ o Pilcomayo presently deposits such a sediment excess that it blocks its own channel, £oods its levees and spills into nearby swamps (Wilkinson et al., 2006) . Furthermore, tectonic depressions, vegetative-debris accumulations and abandoned channels facilitate water and sediment ponding in lakes both on and around the megafans (Iriondo, 1993; Wilkinson et al., 2006) . Finally, it is estimated that most of the R|¤ o Pilcomayo sediment load is trapped in the Chaco plain before joining the Parana river (Latrubesse et al., 2005) . The Supporting Information outlines observations that suggest the megafans themselves might not be entirely closed systems.
Sediment production
Integrating a linear denudation rate over the modern drainage area yields the modern sediment-production rate. Table 4 summarizes sediment-production rates calculated from a range of denudation rates and measured drainage areas. Denudation rates were chosen to cover the range reported with particular emphasis on rates estimated from the basin outlet on each of the rivers: 0.89^0.93 mm year À 1 for the Grande (point AP in Fig. 8 .35 mm year À 1 for the Pilcomayo (point VI in Fig. 8 ). The highest rate used represents the highest observed rate throughout the Neogene (apatite ¢ssion-track thermochronology) whereas the lowest rate is the lowest possible calculated in Table 3 . For each river, the best sedimentproduction rate estimate (shading) is based on the most likely drainage size and the measured denudation rate for that drainage.
Age of megafan initiation
If all sediment produced in the drainages is deposited on the megafans, as observations documented above suggest, then onset of modern megafan deposition can be estimated by dividing the megafan sediment volume by the rate of sediment production. Table 5 summarizes the results of this calculation with rate and volume ranges constrained by observation for each megafan and their aggregate.
For most likely values for drainage area, sediment delivery and megafan volume, estimated age of megafan initiation varies considerably from 52^55 ka for the Grande, to 110^116 ka for the Pilcomayo, and 218^228 ka for the Parapeti (Table 5 and Supporting Information). It is possible that this result is correct and megafan initiation is diachronous. Alternatively, modern denudation rates may be inaccurate estimates of the average rate since the (common?) initiation time of the megafans because they are based on only a few years, compared with the hundreds of ka over which the megafans must have been accumulating. If we apply the median denudation rate observed across the entire Neogene to the total volume of sediments in all megafans, onset of deposition would be $66 ka. Table 5 essentially presents a series of hypotheses about the age of the modern Chaco megafans that can be tested by dating the actual basal surface. Radiocarbon or pollen ages from relatively shallow boreholes could provide the necessary information.
DISCUSSION AND IMPLICATIONS Sediment production volumes through time and space
Estimated sediment volumes have implications for erosion variability through time and the distribution of sediment production within the source region. The ca. 1000 m relief between the SJDO surface and intervening highlands led Kennan et al. (1997) to estimate that $1^2 Â 10 4 km 3 was excavated from the original palaeotopography to make the SJDO surface presumably before $10 Ma. Since $23
Ma, a minimum of $5.1 Â 10 4 km 3 has been deposited into the Emborozu¤ Formation, of which at least $406 0% (2.4^3.1 Â 10 4 km 3 ) came from below the SJDO surface via incision. Although, we cannot quantify the source area extent at any point before SJDO formation, we speculate relative denudation rates were low for some time period before $10 Ma because the sediment volume produced was only $20^40% of the volume deposited in the last 3 Myr. This is already implied because most of the long-term (410 Myr) averaged denudation rates are o0.4 mm year À 1 (Fig. 9) , and we already demonstrated they were most likely ! 0.4 mm year À 1 during the PlioQuaternary.
Comparison of estimated sediment volumes between source and sink over the last 2^3 Myr shows at least $40^60% came from incision into the SJDO surface. The remainder must have come from some combination of the intervening highlands and drainage areas outside the current SJDO surface extent. In map view (Fig. 7) , the largest source areas not accounted for by SJDO incision are the modern Subandes and the intervening highlands. The Subandes probably contributed to the Emborozu¤ Formation, but sediments probably can get trapped locally in the Tertiary piggyback basins before reaching the perennial Grande, Parapeti and Pilcomayo trunk rivers.The best candidate source might be the intervening highlands because they extend over signi¢cant areas and exhibit the steepest slopes.
Plio-Quaternary to modern denudation rates
Measurements of denudation rates, drainage areas and volumes of sediment produced or deposited are inherently imprecise. No singular observation, or even a range of observations on a single feature, can be considered accurate (Fig. 8) . Modern estimates suggest the Pilcomayo basin erodes at a rate (0.34 mm year À 1 ) near the minimum that characterized the Plio -Quaternary. In contrast, both the Grande and Parapeti basin rates (0.91 and 1.01mm year À 1 ) are signi¢cantly higher (Fig. 8) . This variation in erosion rates could be the result of the general southward aridi¢cation (e.g. Barnes & Pelletier, 2006) , anthropogenic e¡ects, and/or sediment discharge variations resulting from the type of dominant erosion process and precipitation storminess (e.g. Fuller et al., 2003) .
Evolution of topography
Topographic evolution can be better understood by determining the amount and rate of morphologic change across di¡erent spatial and temporal scales. Here, we use the physical dimensions determined in this study to comment on central Andean fold-thrust belt and Chaco foreland topographic variations over the late Miocene^Quaternary (last $10 Myr).
The Grande, Parapeti and Pilcomayo basins collectively expanded by $50% from $100 000 to $150 000 km 2 since $10 Ma (Table 1) . Migration of the drainage divide westward was $100 km since $10 Ma as was the migration of the drainage outlet eastward (Fig. 5) .This migration rate of 10 mm year À 1 is similar to locally estimated rates of thrust belt propagation (6^8 mm year ) (McQuarrie et al., 2005; . Westward, headward erosion, stream piracy and eastward drainage expansion into the Subandes probably contributed to drainage basin growth. In particular, stream piracy by the R|¤ o Pilcomayo of the Sucre/Potosi region probably contributed the most to the Pilcomayo basin's growth of $115% from $40 000 to $87 000 km 2 (Table  2) . Despite the area lost to the Pilcomayo, the Grande basin still grew in overall size by almost10%. Finally, the Parapeti basin actually decreased in size by $15% probably via the encroachment of the two larger basins on either side of it. These data suggest that large (10 4^5 km 2 ) drainages in (potentially protracted) semi-arid climates still evolve substantially over 10 Myr time frames.
The modern £uvial megafans are estimated to be up to $228 kyr old (Table 5) . Unfortunately, to the best of our knowledge, no studies have estimated the age of any other modern megafans for comparison. Regardless, the $228 kyr age suggests that large sediment bodies can be dispersed over distances of 4200 km across low-sloped (mostly o0.351) regions rather rapidly even in semi-arid climates. Furthermore, the currently active megafans represent only a small portion (in either time or sediment volume) of the most recent seismically resolvable sedimentation history in the basin. In fact, sedimentary evidence suggests the Subandes megafans have existed for the last $8 Ma (Uba et al., 2007) .
Thrust belt-foreland geodynamics
Thrust belt deformation and erosion are dynamically coupled to their associated foreland basin systems via deformation, foreland £exure and erosion (e.g. ). Models of this coupling predict that regions of reduced erosion are characterized by wedge growth, a wide, rapidly propagating thrust belt with dominantly wedgetop deposition and an under¢lled foredeep, whereas regions of enhanced erosion possess wedge recycling, a narrow thrust belt with more constant width, and dominantly foredeep deposition in a wide and largely ¢lled foreland (Simpson, 2004 (Simpson, , 2006 . These predictions are, to ¢rst-order, consistent with the central Andean fold-thrust belt where observations mentioned above suggest the dry, southern Chaco foredeep is basically under¢lled and the wet, northern Beni foredeep is over¢lled because $50% of the sediment bypasses it and enters the Amazon (Fig. 2) (Horton, 1999; Aalto et al., 2006; Barnes & Pelletier, 2006) . Unfortunately, the models have only been developed for the general case. They could be tested by calibrating them to speci¢c regions and constraining the surface process parameters with such datasets as those presented here. Figure 10 schematically illustrates the central Andean thrust belt-Chaco foreland basin system sediment budget presented here. Selected, important values derived throughout this study are indicated. Comparison of Figs 1 and 10 illustrates the contrast between the idealized and our applied thrust belt-foreland system sediment budget analysis.
SUMMARY
